Abstract. The aim of this study was to examine the impact of zona pellucida damage, which might arise during somatic cell nuclear transfer (SCNT), on the development and survival of transferred embryos. The zonae pellucidae of in vitro matured oocytes were either punctured with 8-to 10-µm square-ended nuclear injection pipettes and piezo pulses or slit with 35-to 40-µm enucleation pipettes. Intact oocytes were used as controls. These oocytes were electroactivated to induce parthenogenesis and transferred to the oviducts of estrus-synchronized recipient gilts. After 5 to 7 days, the recipient uteri were flushed to collect embryos, and embryonic development (morula-blastocyst stage embryos/collected embryos) and survival (viable embryos/collected embryos) were determined. In total, 221 zona-punctured, 129 zona-slitted and 57 intact embryos were transplanted into four, two and two gilts, respectively. The efficiency of embryo recovery was similar in all groups (64.3 to 79.1%). However, the zona-penetrated and incised embryos exhibited unstable development and survival compared with the controls; development and survival of the control embryos were 94.7 and 87.7%, whereas those of the zona-punctured embryos were 69.0 and 47.9% (P<0.01) and those of the zona-slit embryos were 64.7 and 50.0% (P<0.01). Cells with large foci that appeared to be macrophage giant cells were observed at the surface or inside the degenerated zona-damaged embryos. These results indicate that the recipient's immune response to damage to the zona pellucida may impair embryonic development after transplantation to the oviduct. This may be one of the factors causing the reduced efficiency of live progeny production by SCNT.
n recent years, pigs have commonly been used in medical research as human disease models and for production of organ donors for xenotransplantation [1] . Production of pigs for these unique purposes requires the latest technologies in embryological engineering. Among these technologies, somatic cell nuclear transfer (SCNT) is an important technology that enables the production of cloned and transgenic pigs. SCNT involves introduction of a donor nucleus into ooplasm, which can be performed by either electrofusion or cytoplasmic injection [2] [3] [4] [5] [6] . Both of these methods inevitably damage the zona pellucida during enucleation and i n s e r t i o n o f t h e d o n o r n u c l e u s b y m i c r omanipulation.
The zona pellucida is a glycoprotein membrane surrounding the cytoplasm of an oocyte and embryo that is present until the blastocyst stage but disappears before implantation. It is thought to be responsible for preventing the loss of blastomeres from the early embryo within the oviduct and the adhesion of blastomeres to oviductal epithelial cells [7] . Damage to the zona pellucida of early cleavage-stage embryos is known to exert adverse effects on the development and survival of embryos in the reproductive tract [8, 9] . Experimentally, blastomeres isolated from early cleavage-stage embryos and transferred to an empty zona pellucida prepared from another ovum are capable of developing to the blastocyst stage in vitro. However, transfer of these micromanipulated embryos to the oviduct or uterus has been reported to result in impaired development or embryonic loss [8] [9] [10] . Possible causes for these results include attacks on inner blastomeres by immune cells that enter through the hole made in the zona pellucida for blastomere transfer and the inability of embryos with holes in the zona pellucida to withstand the physical pressure associated with passage through the oviduct [8] [9] [10] .
At present, production of piglets from embryos produced by SCNT is generally carried out by oviductal transfer in the early cleavage stage [2] [3] [4] [5] . Therefore, susceptibility to some form of damage within the reproductive tract is of particular concern during oviductal transfer of zona-damaged embryos produced by SCNT. Phenomena related to gene regulation and microstructures in the embryo, such as abnormalities in reprogramming and spindle formation in the donor nucleus, have been reported to be causes of low developmental ability in embryos produced by SCNT [11, 12] . In addition, reductions in development and survival of embryos resulting from zona pellucida damage must also be considered as factors.
In the present study, we investigated the effects of the damage to the zona pellucida of early porcine embryos that occurs during the process of SCNT on the development and survival of embryos following oviductal transfer.
Materials and Methods

Animal care
All of the animal experiments in this study were approved by Institutional Animal Care and Use Committee of Meiji University (IACUC-02-001).
Chemicals
Unless otherwise indicated, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA).
In vitro maturation of oocytes
Ovaries were collected at a local abattoir and transported to the laboratory in Dulbecco's phosphate buffered saline (PBS) containing 75 µg/ml potassium penicillin G, 50 µg/ml streptomycin sulfate and 0.1% (w/v) polyvinyl alcohol (PVA). Cumulus-oocyte complexes (COCs) were collected by aspiration from ovarian antral follicles with a diameter of 3.0-6.0 mm. COCs containing at least three layers of compacted cumulus cells were selected and cultured in NCSU23 medium [13] supplemented with 0.6 mM cysteine, 10 ng/ml epidermal growth factor (EGF), 10% (v/v) porcine follicular fluid, 75 µg/ml potassium penicillin G, 50 µg/ml streptomycin sulfate, 10 IU/ml eCG (ASKA Pharmaceutical, Tokyo, Japan) and 10 IU/ml hCG (ASKA Pharmaceutical) [14, 15] . The COCs were cultured for 22 h with eCG and hCG in a humidified atmosphere of 5% CO2 and 95% air at 38.5 C; This was followed by culture for 22 h without eCG and hCG in an atmosphere of 5% CO 2 , 5% O 2 and 90% N 2 [16] .
Puncturing or slitting of the zonae pellucidae
In vitro matured oocytes with expanded cumulus cells were treated with 1 mg/ml hyaluronidase dissolved in Tyrode's lactose medium supplemented with 10 mM Hepes and 0.3% (w/v) polyvinylpyrrolidone (PVP; Hepes-TL-PVP) and then denuded of cumulus cells by gentle pipetting. Oocytes with evenly granulated ooplasm and an extruded first polar body were selected for the experiment.
Micromanipulation of oocytes was carried out in a drop of Hepes-TL-PVP containing 10% fetal calf serum (FCS). The zonae pellucidae of these oocytes were either punctured with square-ended nuclear injection pipettes (external diameter of 8-10 µm) and piezo pulses (Fig. 1a) or slit with enucleation pipettes (external diameter of 35-40 µm) in the presence of 5 µg/ml cytochalasin B (Fig. 1b) [17, 18] .
Induction of parthenogenesis
Micromanipulated and intact control oocytes were activated by electric stimulus to induce parthenogenetic development. Oocytes were washed twice in an activation solution consisting of 0.3 M mannitol (Nacalai Tesque, Kyoto, Japan), 50 µM CaCl 2 , 100 µM MgCl 2 and 0.01% PVA. They were then lined up between two wire electrodes (1.0 mm apart) of a fusion chamber overlaid with 0.2 ml of activation solution, and a single 150-V/mm DC pulse was applied for 100 µsec using an electrical pulsing machine (ET-1, Fujihira, Tokyo, Japan). The activated oocytes were cultured in NCSU23 medium containing 4 mg/ml bovine serum albumin (BSA) and 5 µg/ml cytochalasin B for 3 h.
Transfer of parthenogenetic oocytes
Crossbred (Large White / Landrace × Duroc) prepubertal gilts weighing 100 to 105 kg were used as recipients of the zona-compromised or intact embryos. To induce estrus, 1000 IU of eCG was injected intramuscularly followed by an injection of 1500 IU hCG 72 h later.
The embryos were cultured for 1 or 2 days before embryo transfer. Embryos with normal 1-cell (Day 1) or 2-to 8-cell stage (Day 2) morphology were selected for transfer and were surgically transferred into the oviducts of the recipient approximately 48 or 72 h after hCG injection. In vitro culture of embryos was carried out using NCSU23 (290 mOsm [19] ) modified by the addition of 0.17 mM sodium pyruvate and 2.73 mM sodium lactate instead of D-glucose [20] and supplemented with 4 mg/ml BSA and 0.5 mg/ml hyaluronic acid [21] . A group of 20-25 embryos were cultured in 30-µl droplets of medium under paraffin oil in a plastic Petri dish maintained in a humidified atmosphere of 5% CO 2 , 5% O 2 and 90% N 2 at 38.5 C.
In total, 221 zona-punctured, 129 zona-slit and 82 intact embryos were transplanted into four, two and two gilts, respectively.
Recovery and evaluation of embryos
The recipient gilts were euthanized 5 to 7 days after embryo transfer, and their uteri were extracted and flushed with PBS containing 1% FCS for recovery of transferred embryos. In vitro culture was carried out for one day for evaluation of the recovered embryos. In vitro culture of the recovered embryos was carried out using NCSU23 (256 mOsm [19] ) supplemented with 4 mg/ml BSA and 0.5 mg/ml hyaluronic acid [21] . After culture, development and survival of the embryos were evaluated under an inverted microscope (magnification: 100-200 ×). Embryos that developed to the morula or blastocyst stage were considered normally developed embryos.
Statistical analysis
The developmental and survival rates of the embryos were compared using the χ 2 test.
Results and Discussion
Uterine flushing was performed 5 to 7 days after oviductal transfer of zona-damaged (slitted and punctured) and intact (control) embryos. Table 1 shows the results for the recovered embryos. The recovery rates for transferred zona-damaged embryos were 64.3-79.1%, which were comparable to those for intact embryos.
In regard to the developmental and survival rates of the transferred embryos, marked differences were observed between the zona-damaged and intact embryo groups. In the intact embryo group, approximately 95% of the recovered embryos developed to the morula/blastocyst stage and most of the embryos survived. In contrast, in the zonadamaged embryo groups, the developmental rate at the time of recovery from the uterus was significantly lower than in the intact embryo group (punctured embryo group, 69.0%; slit embryo group, 64.7%; P<0.01). In addition, many of the embryos that developed to the blastocyst stage (punctured embryo group, 21.1%; slit embryo group, 14.7%; Fig. 2c and g ) were already degenerated at the time of recovery from the uterus. Furthermore, a considerable number of embryos recovered in the zona-damaged embryo group appeared to have degenerated without any development following transfer. For example, embryos with completely lysed cytoplasm (lysed embryos) and those containing no cytoplasm, leaving only empty zonae pellucidae (empty zonas), accounted for approximately 10% of the recovered embryos. This was attributed to the effects of the physical pressure associated with contraction of the oviduct on the transferred embryos in the oviduct and to immune cell attacks in the oviduct. The roles of the zona pellucida includes protection of embryonic cytoplasm from physical damage during passage of the embryo through the oviduct and prevention of immune attacks by preventing direct contact between immune cells and embryonic cytoplasm.
The zona-damaged embryos may have undergone cytoplasmic lysis due to their inability to withstand the physical pressure associated with contraction of the oviduct following oviductal transfer. In addition, the zona pellucida is thought to be responsible for protecting the early embryo, which expresses antigens derived from the paternal genome, from non-self recognition by the mother. In zona-damaged embryos, contact between the embryonic cytoplasm and immune cells results in the recogni- tion of the embryo as allogenic body by the mother and causes an immune attack. This response is thought to lead to lysis and digestion of embryonic cytoplasm inside the zonae pellucidae of transferred embryos. In particular, embryos containing cytoplasm that is partially extruded from the zona pellucida due to pressure from contraction of the oviduct are thought to be rapidly attacked by immune cells in the oviduct [10] . The accumulation of large foreign matter, thought to be macrophage giant cells (MGC), that was observed on the surface and inside the recovered embryos strongly suggests that immune attacks had occurred (Fig. 2,  arrowhead) . Macrophage giant cells are formed when macrophages, which exhibit phagocytic activity, fuse with indigestible matter such as lipids [22] . Given that porcine embryos contain many lipid granules, We believe that MGCs were formed as a result of phagocytic activity in the porcine embryos.
These findings suggest that damage to embryos resulting from a compromised zona pellucida may occur in some cases during oviductal transfer of cloned embryos and may significantly affect the efficiency of producing cloned piglets. Therefore, measures for preventing developmental damage in embryos induced by a compromised zona pellucida may be effective for improving the efficiency of producing cloned pigs. Further investigation of repair of zona pellucida damage using substances such as sodium alginate [23] , transient immunosuppression of recipients [24] and uterine transfer of embryos [25] may be necessary.
